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Hadronic decays of the tau lepton : Theoretical outlook * 

J. Portoles 
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The structure of the form factors stemmed from the hadronization of QCD currents in the energy region of the 
resonances can be explored through the analyses of exclusive hadronic decays of the tau lepton. I give a short 
review on the later theoretical progress achieved in the description of experimental data. 



1. Introduction 

Our comprehension of the dynamics underlying 
strong interactions in the hadronic low-energy re- 
gion is entangled due to our lack of knowledge on 
the implementation of Quantum Chromodynam- 
ics in the non-perturbative regime. In spite of 
the success of QCD in the description of strong 
interactions at large energies, in the domain of 
asymptotic freedom, the study of processes in- 
volving the lower part of the hadronic spectrum 
(characteristically E < 2GeV) is not feasible with 
a strong interaction theory written in terms of 
dynamical quarks and gluons. Ideally the way 
out would be to trade partonic QCD for a dual 
theory written in terms of the relevant degrees 
of freedom, i.e. mesons and baryons. However 
we do not (yet) know how to proceed to reach 
this goal. In Ref. [IJ I already pointed out differ- 
ent approaches that are usually followed in order 
to describe the phenomenology of hadrons (other 
than lattice gauge calculations), namely ad- hoc 
parameterisations, phenomenological Lagrangian 
models and effective field theories. I recall their 
main features : 

Parameterisations 

The main goal is to provide an expression 
for the amplitudes on account of the supposedly 
known dynamics that drives the process : reso- 
nance saturation, polology, etc. The simplicity of 
these parameterisations allows their easy imple- 
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mentation in the analyses of experimental data, 
however the connection between the parameters 
and QCD is not known. Moreover the initial dy- 
namical assumptions are uncontrolled and may 
be in conflict with the underlying theory, there- 
fore very little is learned from Nature from this 
approach. 

Models of phenomenological Lagrangians 

Written in terms of hadron fields, phenomeno- 
logical Lagrangians are driven by assumptions 
whose link with QCD is, in many cases, not 
clear. Well known examples of these models de- 
scribing the strong interaction in the presence of 
resonances are the Hidden Symmetry or Gauge 
Symmetry Lagrangians 2 where vector mesons 
are introduced as gauge bosons of suggested local 
symmetries. 

Effective field theories 

Chiral symmetry of massless QCD and its 
spontaneous breaking can be used to construct 
a strong interaction field theory involving the 
lightest SU{3) octet of pseudoscalar mesons j3|4j . 
Known as Chiral Perturbation Theory {xPT), it 
has been very much useful in the study of strong 
interaction effects at very low energy, namely 
E < Mp (being Mp the mass of the p(770), 
the lightest hadron not included in the theory), 
and it is an illustration of an effective field the- 
ory (EFT). The latter tries to embody the main 
features of the fundamental theory in order to 
handle this one in a specific energy regime where 
it is, whether more inconvenient or just impossi- 
ble, to apply it [5 . In order to proceed to the 
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construction of an EFT it is necessary the exis- 
tence of a gap in the spectrum of masses that 
sets apart those degrees of freedom to be inte- 
grated out from those whose dynamics remain in 
the theory. In xPT, for instance, it is the one sep- 
arating the Ughtest octet of pseudoscalar mesons 
from the hght-flavoured resonance states. 

Semileptonic processes stemmed from the 
hadronization of QCD currents into exclusive 
channels constitute singular physical systems 
where the study of non-perturbative strong dy- 
namics is easier than in pure non-leptonic pro- 
cesses. This is so because, on one side, lepton 
and hadron sectors factorise cleanly and, more- 
over, exclusive channels give valuable information 
on the dynamics of the interaction itself, hence on 
the realization of the non-perturbative strong in- 
teraction in this energy region. In addition a good 
deal of information is known about form factors of 
QCD currents from different model-independent 
sources such as parton dynamics, analyticity or 
unitarity. The latter also pervade general ampli- 
tudes but their application on the form factors is 
much simpler. 

The tau lepton, Mr = (1776.99^^:26) ^eV [6], 
decays hadronically in an energy region popu- 
lated by light-flavoured resonances. Hence exclu- 
sive semileptonic tau decays offer a unique setting 
where to explore resonance dynamics through the 
form factors arisen in the hadronization of QCD 
currents. Within the Standard Model the matrix 
amplitude for the exclusive hadronic decays of the 
tau lepton, H~Vr, is generically given by 

X = ^ FcKAf M,^7^(l - 75)^^r , (1) 

where 

= {H\{V^,-A^,) e*^«^" | O) , (2) 

is the hadron matrix element of the left current 
(notice that it has to be evaluated in the pres- 
ence of the strong interactions driven by Cqcd)- 
Symmetries help to define a decomposition of Ti^ 
in terms of the allowed Lorentz structures of im- 
plied momenta and a set of functions of Lorentz 
invariants, the hadron form factors Fi of QCD 



currents, 

n, = J2 ^_Ji^ F,{q',---)- (3) 

Lorentz structure 

An analogous discussion of the hadronic decays 
of the tau lepton can be carried out in terms of 
the structure functions Wx defined in the hadron 
rest frame [7] : 

dr ^ -^\Vckm\^ C^u-H'^-H''* dPS , (4) 
with 

X 

where Hfj, is the hadronic current in Eq. ([2]), 
carries the information of the lepton sector and 
dPS collects the appropriate phase space terms. 
Structure functions can be written in terms of 
the relevant form factors and kinematical compo- 
nents. They contain the dynamics of the hadronic 
decay and their reconstruction can be accom- 
plished through the study of spectral functions 
or angular distributions of data. The number of 
structure functions depends, clearly, of the num- 
ber of hadrons in the final state. For a two- 
pseudoscalar case there are 4 of them. For a 
three-pseudoscalar process the total number of 
structure functions is 16. 

I will focus in the decays of the tau lepton into 
a few channels with two and three pseudoscalars. 
The theoretical description of the dynamics that 
drives the decays into more than three pseu- 
doscalars still relies in the model-independent 
isospin counting [5]. 

2. Breit-Wigner parameterisations 

As already commented, strong interaction dy- 
namics in hadronic tau decays involves the reso- 
nance energy region, hence it is driven by those 
states. This is the well known concept of res- 
onance dominance that has pervaded hadron 
dynamics since the first stages of the study 
of the strong interaction. It is a widespread 
common lore that resonances should be func- 
tionally described by Breit-Wigner parameterisa- 
tions. While it is clear that polology demands 
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this structure, its connection with QCD is still 
lacking. In fact it has already been proven, for 
instance, that the description of hadronic tau de- 
cays through them is not consistent with the chi- 
ral symmetry of massless QCD [9110] . 

Experiments like ALEPH, CLEO, DELPHI 
and OPAL |11I12I18I14IL'^I1()I17I18) have col- 
lected an important set of experimental data on 
hadronic decays of the tau lepton into exclusive 
channels. In the last two years both BABAR 
and BELLE experiments have joined in this effort 
|19|20|21j , and the prospects for a SuperB factory 
are very much promising [2?. Analyses of these 
data are usually carried out using the TAUOLA 
library that includes parameterisations of the 
hadronic matrix elements. At present the latter 
only includes Breit-Wigner specifications for the 
form factors. Its application to the hadronization 
of charged QCD currents in tau decays has a long 
story |24I25| that boils down into a series of ar- 
ticles |26I27I28| that carry an exhaustive analysis 
of the tau decays up to three pseudoscalars. 

The presently employed parameterisation, the 
Generalized Kiihn-Santamaria model (GKS), is 
obtained by combining Breit-Wigner factors 
{BWii{q'^)), in general non-linearly, according to 
the expected resonance dominance in each chan- 
nel, for instance, 



(6) 



where A/" is a normalisation required to fulfill the 
chiral symmetry expansion at 0{p^). Then data 
are analysed by fitting the parameters and 
those present in the Breit-Wigner factors (masses, 
on-shell widths). Two different functions are ap- 
plied : 



a) Kuhn-Santamaria Model 

The Breit-Wigner factors are given by [24l25j 



BWl^{s) 



Ml 



(7) 



that guarantees the right asymptotic behaviour, 
ruled by QCD, for the form factors. 

b) Gounaris-Sakurai Model 

Originally constructed to study the role of the 
/9(770) resonance in the vector form factor of the 



pion [29^, its use has been extended to other 
hadronic resonances (11.12 28 . The Breit-Wigner 
function now reads : 



Mi 



(8) 



where fa- (s) carries information on the specific 
dynamics of the resonance and /p(77o) (s) can be 
read from Ref. 

The procedure applied by the experimental 
groups when using these parameterisations [11|, 
ll2j is to regard both models and consider the dis- 
crepancy between them as an estimate of the the- 
oretical error. 

3. Effective Theory like model : Resonance 
Chiral Theory 

At variance with xPT, the lack of a mass gap 
between the spectrum of light-fiavoured meson 
resonances and the perturbative continuum (let 
us say E > 2 GeV) prevents the construction of 
an appropriate EFT to handle the strong interac- 
tion in the energy region spanned by tau decays. 
However there are several tools that allow us to 
grasp relevant features of QCD and to implement 
them in an EFT-like Lagrangian model. The two 
key premises are the following : 

1) A theorem put forward by S. Weinberg 
[5] and worked out by H. Leutwyler [301 states 
that, if one writes down the most general pos- 
sible Lagrangian, including all terms consistent 
with assumed symmetry principles, and then cal- 
culates matrix elements with this Lagrangian to 
any given order of perturbation theory, the result 
will be the most general possible S-matrix am- 
plitude consistent with analyticity, perturbative 
unitarity, cluster decomposition and the princi- 
ples of symmetry that have been specified. 

2) It has been suggested [3T] that the inverse of 
the number of colours of the gauge group SU{Nc) 
could be taken as a perturbative expansion pa- 
rameter. Indeed large-A^c QCD shows features 
that resemble, both qualitatively and quantita- 
tively, the Nc — 3 case. Relevant consequences 
of this approach are that meson dynamics in the 
large- A^'c' limit is described by the tree diagrams 
of an effective local Lagrangian; moreover, at the 
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leading order, one has to include the contribu- 
tions of the infinite number of zero-width reso- 
nances that constitute the spectrum of the the- 
ory. 

Both assertions can be merged by construct- 
ing a Lagrangian theory in terms of SU (3) (pseu- 
doGoldstone mesons) and U{3) (heavier reso- 
nances) flavour multiplets as active degrees of 
freedom. This has systematically been estab- 
lished [32133134] and sets forth the following fea- 
tures : 

i) The construction of the operators is guided 
by chiral symmetry for the lightest pseudoscalar 
mesons and by unitary symmetry for the reso- 
nances. Typically, 

O ^ (i?ii?2...xb")> , (9) 

where Ri indicates a resonance field and x(p") 
is a chiral structured tensor, involving the Gold- 
stone bosons, with a chiral counting represented 
by the power of the momenta. Then chiral sym- 
metry is preserved upon integration of the reso- 
nance states and the low-energy expansion of the 
amplitudes show the appropriate behaviour. 

ii) As in xPT, symmetries do not provide infor- 
mation on the weights of the operators, i.e. on 
their coupling constants. The latter only incor- 
porate information from higher energies and, in 
principle, are completely unknown. However if we 
want to disguise our theory with the role of me- 
diator between the chiral and the parton regimes 
it is clear that the amplitudes or form factors 
arising from our Lagrangian have to match the 
asymptotic behaviour driven by QCD. A heuris- 
tic strategy, well supported at the phcnomcno- 
logical level |35I34| . resides in matching the OPE 
of Green functions (that are order parameters of 
chiral symmetry) with the corresponding expres- 
sions evaluated within the theory. This proce- 
dure provides a determination for some of the 
coupling constants of the Lagrangian. In addition 
the asymptotic behaviour of form factors of QCD 
currents is estimated from the spectral structure 
of two-point functions [36j or the partonic make- 

up m- 

111) The theory that we have devised, known as 



Resonance Chiral Theory (RxT), lacks an ex- 
pansion parameter. There is of course the guide 
given by l/Nc that translates into a loop expan- 
sion. However there is no counting that limits the 
number of operators with resonances that have to 
be included in the initial Lagrangian. This non- 
perturbative character of i?xT, that may take 
back the perturbative practitioner, has to be un- 
derstood properly. On one side the number of 
resonance fields relies fundamentally in the phys- 
ical system of interest, on the other, the maxi- 
mum order of the chiral tensor in Eq. ([9]) is very 
much constrained by the enforced high-energy be- 
haviour, as explained in ii) before. Customar- 
ily higher powers of momenta lean to spoil the 
asymptotic conduct that QCD demands [33l34j . 
Therefore there is a well defined methodology to 
deal with RxT. 

As commented above large- iVc requires, already 
at Nc — *■ oo, an infinite spectrum in order to 
match the leading QCD logarithms. At present 
RxT only includes one multiplet of resonances for 
the different quantum numbers : scalars, pseu- 
doscalars, vectors and axial-vectors. It is not 
known how to include an infinite number of states 
in a model-independent way and this simplifica- 
tion can produce inconsistencies in the matching 
procedure described above [38]. In principle a 
way out of these lean on the inclusion of more 
states that may delay the appearance of that 
problem. From a phenomenological point of view, 
though, the first multiplets drive the relevant dy- 
namics in the systems of interest, as hadronic tau 
decays, and are clearly enough. However there is 
no conceptual problem that prevents the addition 
of more spectra (in a finite number) if needed. 

4. Hadronic off-shell widths of meson res- 
onances 

The hadronic decays of the tau lepton hap- 
pen in an energy region where resonances do in- 
deed resonate. Therefore the leading large-A''c 
prescription of zero-width resonances does not 
allow to perform a phenomenological study of 
the decays. The introduction of finite widths, 
in Eqs. (|7l8p . should be done through the same 
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tools used to handle the amplitudes. For narrow 
resonances, like most of those with / = in the 
energy region spanned by tau decays, it is a good 
approximation to consider constant widths that 
can be taken from the phenomenology at hand 
or fitted from data. Wider resonances, though, 
have a non-trivial off-shell structure that has to 
be taken into account. 

The off-shell width of the p(770) has been stud- 
ied thoroughly and it is dominated by the tttt 
contribution. In the GKS parameterisations the 
imaginary part of the mass in the pole reads |29| : 



where a{s) = ^1 — AM^/s. In Ref. [39] it was 
seen that this width can be evaluated within 
i?xT through a Dyson-Schwinger like resumma- 
tion controlled by the short-distance behaviour 
required by QCD on the correlator of two vector 
currents. The result for the imaginary part of the 
pole is : 



96 nF^ 



(11) 



were My is the vector resonance mass and F the 
decay constant of the pion, both of them in the 
chiral limit. It is worth to notice that the depen- 
dence on the s variable of both imaginary parts in 
Eqs. (jlOllip is the same. However the prescrip- 
tion given in Eq. pT|) already accounts for the 
on-shell width while in the GKS model it is a free 
parameter to be fitted. 

The off-sheh width of K*{892) follows from 
that on p(770). However in Ref. [40j it was con- 
cluded that it requires a slight modification : 



(12) 



for s > [Mk + MttY, where qK-n{s) is the kaon 
momentum in the rest frame of the hadronic sys- 
tem, aK-K — '^<iK-nl \fs and D\{x) = \ ^ is a 
Blatt-Weisskopf barrier factor with r the interac- 
tion radius. We find r = (3.5 ± 0.6) GeV~^ and 
Gv = (64.6 ± 0.4) MeV gD], when the Kj] contri- 
bution to the width in Eq. is also included. 



The hadronic off-shell widths for other reso- 
nances like p(1450) or ai(1260), that are also rel- 
evant in the decays of the tau lepton, are not so 
well known. In principle the methodology put 
forward in Ref. [39] could also be applied but it 
is necessary to know better the perturbative loop 
expansion of FixT in order to proceed. There- 
fore one has to resort to appropriate modeliza- 
tions being the key point the leading behaviour 
of the off-shell structure in the s variable. Hence 
it is customary to propose parameterised widths 
of which the simplest version reads as : 



r«(.)-r^XA/^)^^(^— 



(s-st/i), (13) 



where the $(s) function is related with the avail- 
able phase-space that corresponds to the thresh- 
old given by Sth- The a parameter can be given 
by models or fitted to experimental data. This 
last procedure was used in Ref. [10] to obtain in- 
formation on the ai(1260) width from the tau de- 
cay into three pions, giving a ^ 5/2. A thorough 
study on the off-shell widths of resonances that 
QCD demands is still missing. 

5. r — > TT 7r"z^T- : Vector form factor 

The vector form factor of the pion, i<V(s), is 
defined by : 

(^+(p')7r-(p)|v;^|0)= (p-p')^^^y(s), (14) 

where s — {p + p'Y and V^, the third compo- 
nent of the vector current associated to the 5t/(3) 
flavour symmetry of the QCD Lagrangian. This 
form factor drives the isovector hadronic part 
of e+e^ — !■ TT+TT^ and, in the isospin limit, of 
— > n~-K^Vr- At very low energies, E <C Mp, 
Fv{s) has been studied in the framework 
up to 0(/) [41|42|43j . Here we collect the last 
relevant developments. 

a) Mp<E<l GeV 

This energy region is dominated by the p(770) 
and, accordingly, its study is relevant to deter- 
mine the parameters of this resonance. In ad- 
dition it gives the largest contribution to the 
hadronic vacuum polarisation piece of the anoma- 
lous magnetic moment of the muon [44l45j . 
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The authors of Ref. PB] proposed a frame- 
work where the 0{p'^) low-energy result is 
matched at higher energies with an expression 
driven by vector meson dominance that is mod- 
ulated by an Omnes solution of the dispersion 
relation satisfied by the vector form factor of the 
pion. It provides an excellent description of the 
p(770) up to energies of 1 GeV. The more in- 
volved procedure of the unitarization approach 
[37] gives also a good description of this energy 
region. 

A model-independent parameterisation of the 
vector form factor constructed on grounds of an 
Omnes solution for the dispersion relation has 
also been considered |45I48I49] . This approach 
can be combined with RxT [48] and it is able 
to give some improvement over the previous ap- 
proach if one includes information on the p{lA50) 
through the tttt elastic phase-shift input in the 
Omnes solution. Hence it extends the descrip- 
tion of the form factor up to £' ~ 1.3 GeV. Our 
analysis gets Mp = (775.9 ± 0.5) MeV. 

A comparison of the theoretical descriptions 
given by Refs. |46|48) and the experimental data 
by ALEPH fTTl and CLEO [H] is shown in Fig- 
ured] A new collection of data, still not analysed 
within the above mentioned frameworks, has re- 
cently been provided by CMD-2 [50]. Also final 
state interactions in KLOE data [5j have been 
studied with an ad hoc parameterization |52j . 

b) 1 GeV <E<2 GeV 

The extension of the description of the vector 
form factor of the pion at higher energies in- 
volves the inclusion of further information. Up 
to 2 GeV two /9— like resonances play the main 
role : p{lA50) and p(1700). However the interfer- 
ence between resonances, the possible presence of 
a continuum component, etc. still deserve a study 
not yet done. 

The inclusion of /9(1450) only improves slightly 
the behaviour when a Dyson-Schwinger-like re- 
summation is performed in the framework of RxT 
[53] . Lately, and based in a previous modelization 
proposed in Ref. [54], a procedure to extend the 
description of the vector form factor of the pion 
at higher energies has been put forward [28] . The 
proposal for the form factor embodies a Breit- 




□ CLE04Id.ita[12] 
O ALEPH data [11] 
— Pich and Portoles [48] 
- Guerrero and Pich [46] 



Vs (GeV) 



Figure 1. Comparison of the vector form factor of 
the pion as given by tau data and the theoretical 
description of Refs. [46148] . 



Wigner parameterisation using the GKS model to 
describe p(770), p(1450) and p(1700) resonances, 
appended with a modelization of large- iVc QCD 
which sums up an infinite number of zero-width 
resonances to yield a Veneziano type of structure. 
In Figure [2] it is shown how this parameterisation 
compares with data. The description is reason- 
able up to 2 GeV. Above this region there is al- 
most no data though, in principle, it looks quite 
compatible with it. This model has been recently 
employed to analyse new Belle data [5S] and it is 
claimed that data shows sensitivity to the /5(1700) 
resonance. 

The key role that plays the vector form fac- 
tor of the pion in the hadronic vacuum polarisa- 
tion contribution to the anomalous magnetic mo- 
ment of the pion [44], together with the seeming 
discrepancy between the predictions provided by 
e~^e~ —^ TT+TT" [50I51| and —^ '!T~Tr^Vr data, 
set up the issue of the size of isospin violation. 
A thorough analysis of the radiative corrections 
in —^ Tr~TT^h'T and other relevant isospin vi- 
olating sources (kinematics, short-distance elec- 
troweak corrections, p—cu mixing) was carried out 
in Ref. [56] . Recently it has also been stated that 
further model-dependent resonance contributions 
not taken into account before are also relevant 
[57j . in particular the seemingly large coupling 
po^TT, and may correct significantly the decay rate. 
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Figure 2. Comparison of the vector form factor of 
the pion in the energy region above 1 GeV from 
Ref. [28]. Sohd (dashed) hne corresponds to the 
parameterisation given in Eq. ([7]) (Eq. ([8])). 

Additional evaluations along this claim should be 
done in order to reach a more sounded conclusion. 



T — !■ KiTVr 

tors 



Vector and scalar form fac- 



The dominant contribution to the Cabibbo- 
suppressed tau decay rate is due to the decay 
r KirUr- The corresponding distribution func- 
tion has been measured experimentally in the 
past by ALEPH 58J and OPAL "W]. With the 
large data sets on hadronic tau decays from the B- 
factories both BABAR and Belle are, at present, 
analysing their data pp] . 

Assuming isospin invariance the relevant 
hadronic matrix element is guided by two form 
factors : 



{7r{p)K{p')\sj,u\Q) 



+ ip'+p) 



(15) 



where = {p+p')^,, ^k. = M]^-Ml and F^^ 
{Fi^^) is the vector (scalar) form factor. These 
have been studied within the GKS model [50] . 
A more thorough analysis has been carried out 



Total spectrum 
K contribution 
K (1410) contribution 
Scalar contribution 
K plus Scalar contr. 




Vs [GeVl 

Figure 3. Differential decay distribution of the 
decay r K'kVt and the different individual con- 
tributions computed in Ref. [40] . 

recently |40j where both form factors have been 
constructed according to the following settings : 

1) Scalar form factor. We have introduced the 
meticulous construction given in Ref. [61] , where 
F^'^ was determined from Kir scattering data by 
solving the corresponding dispersion relations in 
a coupled channel formalism. 

2) Vector form factor. Following the methodol- 
ogy put forward in Ref. [46] we have constructed 
F^'^ by demanding it satisfies both correct chiral 
limit and appropriate asymptotic behaviour. We 
have included explicitly X*(892) and K*(1410) 
with a free parameter (7) that weights the con- 
tribution of the later resonance, obtaining from 
the total branching ratio 7 — 0.013 ± 0.017 . 

In Figure [3] we show the differential decay distri- 
bution of the decay and the different contribu- 
tions. Notice the fundamental role played by the 
scalar form factor at threshold though its contri- 
bution to the branching is tiny 10"''). More- 
over we obtain B[t ~* K*{892)vr] = (1.253 ± 
0.078)% to be compared with the PDG value 
(1.29 ±0.05)% [6\. 

Between the different structure functions de- 
fined in Eq. ([5]) the one known as Wsg measures 
the imaginary part of the interference of both 
form factors and requires non-trivial phases of the 
amplitudes that are essential for an observation of 
possible CP violation effects in the difference of 
Wsg for the t+ and r" decays : 



Wsg 



'F 



Ktt\ 



(16) 
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Figure 4. Wsg structure function (normalized 
to Wtot) for T Kmir- 7 = corresponds to 
exclude the K*{\41Q) resonance. 

In Figure [4] we show our result for the form 
factors given in Ref. [40] normalized to : 

The experimental determination of this structure 
function requires, however, to measure full tau 
kinematics (its direction in the laboratory frame) 
or to handle a polarized tau. 

7. {PPP)^Vt : Vector and axial- 

vector form factors 

The hadronic matrix element that governs the 
decay of the tau lepton into three pseudoscalars 
is parameterised by four form factors Fi defined 
as : 



(F(pi)F(p2)P(P3) I (V^ - An I 0) 



(18) 



where 



2 ; {V2 -P3)v : 



•^3 



P'2 



P'S: 



(19) 



{Q-p^y 



Here Fi,i — 1,2,3 correspond to the axial- vector 
current while F^ drives the vector current. In the 
particular case of three pions, we have, due to 
Bose-Einstein symmetry, that F^{Q^ , si, S2) = 
F^{Q'^ , S2: si). The scalar form factor F^ van- 
ishes with the mass of the Goldstone boson (chi- 
ral limit) and, accordingly, gives a tiny contribu- 
tion in the three pion case. Finally the vector 
current only contributes, for the three-pion case, 
if isospin symmetry is broken as demanded by 
G parity conservation; hence in the isospin limit 
F^ = for this channel. It gives, in general, a 
non- vanishing contribution, for other final states. 



7.1. ^ (tttttt) ^ Z^T- 

As just commented the dynamics of t — > mnnyr 
is only driven by axial-vector form factors (in the 
isospin limit) and, accordingly, by the presence 
of the axial- vector ai(1260) modulated by the 
I — I vector resonances p{770){p), /9(1450)(p') 
and p{1700){p"). In the very low-energy regime 
the chiral constraints where explored in Ref. [52] 
and later it was calculated up to 0{p'^) in xP"^ 
|42j . At higher energies resonances participate ex- 
plicitly. In the GKS model the spin 1 axial- vector 
form factor is given by : 



F,^{Q^s,)=U\^o(p-)BWaAQ^) X 



(20) 



aBWp>{s, 



1 



This description, complemented with an ad hoc 
construction of the off-shell width of the ai(1260) 
resonance, provides a good description of the 
spectrum of three pions [25 though a slight dis- 
crepancy shows up in the integrated structure 
functions [16]. The fit to the data gives the val- 
ues of the a and (3 parameters, that compute the 
weight of each p-like resonance and, in addition, 
one can study masses and on-shell widths of the 
participating resonances. The issue of isospin vio- 
lation in this channel, within the GKS model, has 
also been considered [53]. Lately it was shown 
that this Breit-Wigner parameterisation is not 
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Figure 5. Theoretical predictions for the wa, wc, wd and we integrated structure functions [10 for 
r — > 'K'K'kVt in comparison with the experimental data from CLEO-II (solid) [16 and OPAL (dashed) 
[Ml. 



consistent with chiral symmetry at 0{p'^) and 
thus with QCD L9,10J. 

A thorough study of the axial- vector form fac- 
tors in r ^ ttttttz/t- has been performed in Ref . [TU] 
using the methodology described in Section [31 
The authors get a parameterisation of the three 
pion decay of the tau lepton in terms of four free 
parameters : Ma^, Ta^^Ma-i), one combination 
of coupling constants of the Lagrangian and, fi- 
nally, the a parameter in the off-shell width of the 
ai(1260) resonance in Eq. (fT3)) . Next an anal- 
ysis of the ALEPH data on the spectrum 
and branching ratio of r~ Tr^T:^iT~Vr is per- 
formed, obtaining A/ai = (1.204±0.007) GeV and 
Ta^{M^J = (0.48 ± 0.02) GeV where the errors, 
given by the minimisation program, are only sta- 
tistical. 

OPAL [H] and CLEO ll6j have collected data 
on the dominant structure functions in the 
TT~TT°Tr°Pr decay, namely, Wa, Wc, Wd and We 
^ that drive the contribution of the J = 1+ 



amplitude into the process and therefore the in- 
tegrated structure functions over all the available 
phase space, defined as : 



WA,C 



WD,E 



dsi ds2 Wa,c , (21) 



dsi ds2 sign (si — S2) Wd,e ■ (22) 



CLEO [16] displays the forecast given by the GKS 
model and notice a slight discrepancy that shows 
up mainly in wa ■ Then in order to have a better 
description they modify the model by supplying 
some quantum-mechanical structure (a heritage 
of nuclear physics that accounts for the finite size 
of hadrons) [Mj that yields a good fit to data. 

Following the results of the EFT-like La- 
grangian approach explained above, and once the 
parameters are determined, it is possible to pre- 
dict the integrated structure functions. By as- 
suming isospin symmetry one can use the in- 
formation obtained from the charged pions case 
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to provide a description for the tt^tt'^tt^ final 
hadronic state. The resuh and its comparison 
with the data is shown in Figure O For wc, wjj 
and We, can be seen that there is a good agree- 
ment in the low region, while for increasing en- 
ergy the experimental errors become too large to 
state any conclusion (moreover, there seems to be 
a slight disagreement between both experiments 
at several points). On the other hand, in the case 
of wa the theoretical curve seems to lie somewhat 
below the data for > 1.5 GeV^. However the 
study carried out in Ref. [10] seems to conclude 
that this is due to some inconsistency between 
the data by CLEO and OPAL, on one side, and 
ALEPH on the other. 

7.2. T {KKTl)-Vr 

These channels are more involved as both vec- 
tor and axial-vector currents participate. Re- 
cently the CLEO Collaboration has published 
an analysis of the data collected on the 
K'^K~'K~Vr decay [65]. It was known that this 
process is not well described by the GKS model 
[66] and therefore in the new analysis they have 
reshaped the model with two new arbitrary pa- 
rameters that modulate both one of the axial- 
vector and the vector form factors ([THj). After- 
ward all the parameters are obtained through a 
reasonable fitting procedure. Along these pages 
we have emphasized the fact that arbitrary pa- 
rameterisations are of little help in the procedure 
of obtaining information about non-perturbative 
QCD. In the CLEO example just pointed out the 
new parameter in the vector form factor spoils 
the Wess-Zumino anomaly normalisation, that 
appears at 0{jp'^) in xPT. It is true that there 
are non-anomalous contributions proportional to 
the pseudoscalar masses at the next perturbative 
order that could account for a deviation but it 
would be surprising that the correction is around 
80% as the fit points out. The real issue is that, 
as we have indicated, the GKS model is not con- 
sistent with QCD and the CLEO reshaping is of 
not much use. 

Previous theoretical studies of these channels 
have only been done within parameterisations in 
the line of the GKS model [27 67 . Recently we 
have employed the same technique than in the 



Table 1 

Percentage of axial-vector and vector contribu- 
tion to the total decay width in the r KK'kVt 
channel. 



Reference 


Axial- vector 


Vector 


Our result [68] 


-20% 


-80% 


CLEO-III [55] 


-50% 


- 50% 


M 


- 10% 


- 90% 


m 


- 60% 


-40% 



three pion case to study these channels [68l69j . 
The main novelty has been to handle the vec- 
tor form factor through the construction of the 
relevant Lagrangian for the odd-intrinsic-parity 
sector, obtaining constraints on the new coupling 
constants through the requirement of the appro- 
priate asymptotic behaviour of the vector form 
factor and also with some request to the phe- 
nomenology [^. 

Our analysis emphasizes the discrepancy be- 
tween different approaches in the weight of vector 
and axial-vector contribution to the decay width 
as can be seen in Table 1. 

8. Outlook 

Hadronic decays of the tau lepton provide all- 
important information on the hadronization of 
currents in order to yield relevant knowledge on 
non-perturbative features of low-energy Quantum 
Chromodynamics. In order to achieve this goal 
we need to input more controlled QCD-based 
modelizations. Our target is not only to fit the 
data at whatever cost, but do it with a reason- 
able parameterisation that allows us to under- 
stand more about the theoretical description of 
Nature. 

The effective theory based phenomenological 
Lagrangian approach seems, along this line, more 
promising than the Breit-Wigner parameterisa- 
tions. The procedure relies in a field theory con- 
struction that embodies, up to a supposedly mi- 
nor modelization of the large- TVp behaviour, the 
relevant features of QCD in the resonance energy 

^Unfortunately a comparison of our results with the ex- 
perimental ones | 65| has not been possible because the 
experiment has not been able to provide us with the data. 
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region, giving an appropriate account of the main 
traits of the experimental data and showing that 
it is a compelling framework to work with. 
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